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•  Brief	  summary	  of	  what	  have	  we	  learned	  at	  the	  
Moon	  from	  CRaTER	  –	  environment	  and	  effects	  

•  Scaling	  the	  lunar	  par0cle	  radia0on	  environment	  
(GCR	  and	  SEP)	  to	  other	  explora0on	  des0na0ons	  

•  Comparing	  other	  key	  parameters	  (temperature)	  
of	  airless	  planetary	  bodies	  that	  control	  the	  
effects	  of	  radia0on	  

•  Es0ma0ng	  rela0ve	  importance	  of	  effects	  –	  s0ll	  a	  
work	  in	  progress,	  but	  ul0mate	  goal	  of	  study…	  

Overview	  



Cosmic	  Ray	  Telescope	  for	  the	  Effects	  
of	  Radia$on	  (CRaTER)	  Inves$ga$on	  

(Spence	  et	  al.,	  Space	  Sci.	  Rev.,	  2010)	  

•  Launched	  in	  June	  2009	  
•  Nadir/Zenith	  viewing	  

along	  “telescope”	  axis	  
•  Designed	  to	  es$mate	  

Linear	  Energy	  Transfer	  of	  
galac$c	  cosmic	  rays	  and	  
solar	  protons	  near	  the	  
Moon	  



LET	  Spectra	  &	  Shielding:	  Galac$c	  Cosmic	  Rays	  

• CRaTER	  is	  providing	  
high-‐resolu0on	  
es0mates	  of	  LET	  
from	  GCR	  over	  the	  
course	  of	  the	  mission	  

• Thin-‐thick	  pairs	  
permit	  explora0on	  of	  
the	  LET	  spectrum	  
from	  the	  low	  end,	  
dominated	  by	  
protons	  to	  the	  high	  
end	  dominated	  by	  
heavy	  ions	  

• Evolu0on	  of	  LET	  
through	  the	  	  various	  
sec0ons	  of	  TEP	  are	  
allowing	  us	  to	  
explore	  	  and	  test	  
theories	  of	  space	  
radia0on	  shielding	  

A5er	  Case	  et	  al.,	  2013;	  Zeitlin	  et	  al.,	  2013;	  and	  Porter	  et	  al.,	  2013	  



GCR	  Dose	  and	  Dose	  Rate	  Es$mates	  
A5er	  Spence	  et	  al.,	  2013	  

•  Use	  validated	  GEANT4	  model	  of	  CRaTER	  response	  to	  primary	  GCR	  
and	  lunar	  secondaries	  to	  assess	  contribu$ons	  by	  species	  

•  Secondary	  albedo	  par$cles	  account	  for	  ~10%	  of	  absorbed	  dose	  rate	  



Solar	  Proton	  Model	  Predic$on/Valida$on	  
A5er	  Schwadron	  et	  al.,	  2012	  



Remote	  sensing	  of	  	  regolith	  from	  GCR-‐	  
produced	  energe$c	  par$cle	  albedo	  

From	  Wilson	  et	  al.,	  2013;	  2015	  
	  

From	  LEND	  team	  



Chemical	  Weathering	  from	  GCR	  and	  SEP	  
A5er	  Jordan	  et	  al.,	  2013	  

•  GCRs and SEPs can 
penetrate the regolith in 
permanently shadowed 
regions and dissociate 
molecules in water ice 
and form H2.  

•  We discover that GCRs 
and SEPs can convert 
perhaps all of the original 
water molecules into H2 
as observed by LCROSS 
and LRO’s Lyman Alpha 
Mapping Project (LAMP) 
during the impact	  

The percentage of H2 molecules created by GCRs and SEPs with respect to the original number of water 
molecules as a function of gardening time (lower axis) and depth (upper axis). We assume that the GCR dose 
is applicable to 36 cm and the SEP dose to 0.18 cm.  
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Solar	  Energe$c	  Par$cles	  produce	  deep	  
dielectric	  discharges	  



…	  electric	  field	  can	  increase	  to	  
threshold	  for	  dielectric	  
breakdown	  (106-‐107	  V/m)	  

Budenstein [1980]	  

If	  SEPs	  charge	  regolith	  faster	  
than	  it	  can	  discharge	  
(fluence	  of	  1010-‐1011	  cm-‐2)…	  
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à	  more	  charging	  





à Up to 8% of PSR regolith grains in top 1 mm have 
received a breakdown channel during LRO’s mission. 

Breakdown threshold 
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LRO/CRaTER	  
data	  indicates	  
two	  breakdown-‐
causing	  SEP	  
events	  occurred	  
during	  mission.	  



All gardened soil within PSRs has likely experienced 
~106 SEP events capable of causing breakdown 
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Scaling	  GCR	  Intensity	  
•  Interplanetary	  magne0c	  field	  of	  solar	  origin	  poses	  obstacle	  for	  

incoming	  GCR	  
•  Establishes	  a	  radial	  gradient	  in	  GCR	  intensity:	  highest	  near	  edge	  

of	  heliosphere,	  lowest	  near	  Sun	  	  (expected	  ra0o	  of	  relevant	  
par0cles	  is	  ~4	  from	  Mercury	  to	  Pluto’s	  orbit)	  

•  GCR	  intensity	  varies	  over	  solar	  cycle	  by	  a	  factor	  of	  ~2	  ever	  11	  
years	  

•  Rela0vely	  modest	  varia0on	  in	  environment	  between	  inner	  and	  
outer	  solar	  system	  objects	  

•  Similar	  (order-‐of-‐magnitude)	  produc0on	  of	  GCR-‐derived	  albedos	  
at	  Mercury,	  Moon,	  Phobos/Deimos,	  and	  Pluto	  –	  composi0onal	  
differences	  would	  of	  course	  produce	  yields	  that	  are	  tracers	  of	  
the	  different	  bulk	  regolith	  composi0ons	  



Scaling	  SEP	  Intensity	  
•  Solar	  energe0c	  par0cles	  (SEPs)	  generated	  near	  
Sun	  during	  explosive	  release	  of	  magne0c	  energy	  
(shocks	  associated	  with	  coronal	  mass	  ejec0ons)	  

•  SEPs	  propagate	  away	  from	  Sun,	  constrained	  by	  
interplanetary	  magne0c	  fields,	  ul0mately	  filling	  
vast	  por0ons	  of	  the	  heliosphere	  

•  Use	  EPREM	  model	  to	  es0mate	  how	  SEP	  intensity	  
varies	  as	  a	  func0on	  of	  distance	  from	  the	  Sun	  out	  
to	  Jupiter,	  then	  scaled	  geometrically	  thereajer	  



SEP	  Flux	  vs.	  Time	  	  
(as	  a	  func0on	  of	  heliocentric	  distance)	  

60 65 70 75 80 85 90
DOY of 2012

0.001

0.010

0.100

1.000

10.000

100.000

1000.000

Fl
ux

 [i
on

/(s
-c

m
^2

-s
r-M

eV
)]

1.00 AU
1.50 AU
2.00 AU
2.50 AU
3.00 AU
3.50 AU
4.00 AU
4.50 AU
5.00 AU

EPREM intensities at 27 MeV



SEP	  Fluence	  vs.	  Heliocentric	  Distance	  	  
(as	  a	  func0on	  of	  energy)	  
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•  Use	  this	  
EPREM	  
result	  to	  
scale	  SEP	  
fluences	  in	  
inner	  solar	  
system	  

•  Beyond	  
5AU,	  use	  
geometric	  
scaling	  

	  



Temperature	  Dependence	  of	  Regolith	  
Electrosta0c	  Breakdown	  Timescale	  

�	  

Mercury	  ~	  4	  days	  

Phobos/Deimos	  ~	  1	  day	  

Moon	  ~	  12	  days	  

Pluto	  ~	  10	  -‐15	  days	  



Temperature	  Dependence	  of	  Regolith	  
Electrosta0c	  Breakdown	  Rate	  

�	  �	  

Mercury	  >	  ~	  0.5/yr	  à	  3.3/yr	  	  

Phobos/Deimos	  ~	  0.1/yr	  à	  0.04/yr	  

Moon	  ~	  1.5/yr	  

Pluto	  ~	  1.25	  –	  1.75/yr	  à	  10-‐3	  /yr	  	  	  

(Higher	  fluence	  at	  
Mercury	  than	  at	  

Moon)	  
(Slightly	  lower	  
fluence	  at	  Mars	  
	  than	  at	  Moon)	  

(Greatly	  diminished	  
fluence	  at	  Pluto	  than	  
at	  Moon,	  but	  cold)	  



Summary	  
•  Ionizing	  radia0on	  throughout	  the	  heliosphere	  and	  at	  
planets	  has	  both	  intrinsic	  science	  value	  (“truths”)	  and	  
explora0on	  applica0ons	  (“consequences”)	  
–  Lunar	  Reconnaissance	  Orbiter	  discovering	  the	  roles	  that	  ionizing	  
radia0on	  plays	  in	  modifying	  planetary	  surfaces	  

•  Solar	  par$cle	  events	  causing	  deep	  dielectric	  discharges	  may	  
be	  as	  important	  as	  meteori$c	  weathering	  at	  Moon,	  
par$cularly	  in	  PSRs	  

•  Same	  space	  weathering	  effects	  may	  also	  be	  important	  in	  
PSRs	  at	  Mercury	  and	  at	  Phobos	  and	  Deimos	  

•  Less	  likely	  an	  important	  effect	  in	  outer	  solar	  system	  (i.e.,	  
Pluto,	  KBOs,	  etc.)	  as	  SEP	  fluence	  greatly	  diminished	  

•  Examples	  underscore	  how	  ionizing	  radia0on	  studies,	  
mo0vated	  ini0ally	  by	  explora0on,	  also	  provide	  insights	  on	  
the	  scien0fic	  processes	  shaping	  solar	  system	  objects	  



Backup	  Slides	  



Consequences	  of	  Lunar	  
Energe$c	  Par$cle	  Albedo	  

from	  LRO	  	  



From	  Wilson	  et	  al.,	  2013;	  2015	  

How	  the	  Moon	  looks	  through	  the	  lens	  
of	  proton	  albedo	  from	  GCR	  source	  

•  Yield	  from	  mare	  
sta0s0cally	  greater	  
than	  from	  
highlands	  
(consistent	  with	  
bulk	  elemental	  
composi0on	  
differences)	  

•  High/low	  albedo	  
spots	  s0ll	  not	  well	  
understood	  –	  
sta0s0cs	  improving	  
with	  0me	  will	  help	  
differen0ate	  
poten0al	  
mechanisms	  



•  The	  term	  “albedo”	  borrowed	  loosely	  
from	  op0cal	  physics	  

•  Par0cle	  “albedo”	  refers	  to	  par0cles	  
released	  from	  Moon	  owing	  to	  processes	  
occurring	  within	  lunar	  regolith	  

•  Specifically	  here,	  focus	  on	  albedo	  
par0cles	  produced	  through	  nuclear	  
reac0ons	  when	  solar	  energe0c	  par0cles	  
and	  galac0c	  cosmic	  rays	  interact	  with	  
material	  in	  outer	  layers	  of	  regolith	  –	  
requires	  HIGH	  impact	  energies	  to	  get	  
nuclear	  interac0ons	  

•  Albedo	  par0cles	  are	  energe$c	  
secondary	  par0cles	  created	  and	  
released	  ajer	  primary	  cosmic	  ray	  
par0cles	  strike	  surface	  down	  to	  a	  few	  
meters	  

What	  do	  we	  mean	  by	  Energe$c	  
Par$cle	  Albedo?	  



What	  can	  breakdown	  weathering	  do?	  

•  E-‐field	  energy	  density	  due	  to	  large	  SEP	  event:	  
uE	  ≈	  880	  J	  m-‐3	  (assuming	  107	  V/m)	  

•  Energy	  density	  needed	  to	  vaporize	  all	  regolith:	  
ureg	  =	  ρreg	  cp	  (Tvapor	  –	  TPSR)	  =	  7.3	  x	  109	  J	  m-‐3	  

•  Frac0on	  of	  top	  1	  mm	  vaporized	  each	  event:	  uE/
ureg	  =	  1.2	  x	  10-‐7	  

•  Ajer	  106	  yr	  (106	  events),	  percentage	  vaporized:	  
~12%	  



How	  does	  breakdown	  weathering	  
compare	  to	  meteorite	  weathering?	  

•  Meteorite	  weathering	  
– Energy	  flux:	  	  
Fm	  =	  12	  J	  m-‐2	  yr-‐1	  (Grün	  et	  al.,	  1985)	  

– Meteori0c	  vapor/melt	  produc0on:	  	  
Pm	  =	  1.8	  x	  10-‐7	  kg	  m-‐2	  yr-‐1	  (Cintala,	  1992)	  

	  

•  Breakdown	  weathering	  
– Breakdown	  energy	  flux:	  	  
FE	  ≈	  0.88	  J	  m-‐2	  yr-‐1	  

– Breakdown	  vapor/melt	  produc0on:	  	  
PE	  ≈	  1.8	  x	  10-‐7	  kg	  m-‐2	  yr-‐1	  



Frac0on	  of	  grains	  affected	  by	  
breakdown	  weathering	  

Ater	  106	  years	  (106	  events),	  
every	  grain	  has	  experienced	  
breakdown	  mul$ple	  $mes.	  

Channel	  
radius	  

Grain	  diameter	  =	  65	  μm	  
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Instrument	   Observa$on	  of	  PSR	  regolith	  
LCROSS	   Increased	  porosity	  in	  Cabeus	  (Schultz	  et	  al.,	  2010)	  
LRO/LAMP	   Darker	  plane	  albedo	  /	  increased	  porosity	  

(Gladstone	  et	  al.,	  2012)	  
LRO/LOLA	   Brighter	  normal	  albedo	  (Lucey	  et	  al.,	  2014)	  

LRO/LAMP:	  	  
Light	  incident	  from	  2π	  sr	  

Dark	  	  
plane	  albedo	  

LRO/LOLA:	  	  
Light	  normally	  incident	  

Bright	  	  
normal	  albedo	  

Observa0ons	  suggest	  “an	  
environmental	  control	  on	  these	  
[op0cal]	  proper0es”	  (Lucey	  et	  al.,	  

2014)	  



Grain	  at	  regolith’s	  surface	  

Breakdown	  vaporizes	  
some	  of	  grain’s	  material	  
and	  splits	  grain	  

Deposited	  vapor	  increases	  
nanophase	  iron,	  and	  
regolith’s	  porosity	  
changes	  
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Science	  summary	  #2	  –	  Significant	  
radia0on	  impacts	  to	  lunar	  regolith	  

Breakdown	  weathering	  in	  PSRs	  
•  may	  produce	  vapor/melt	  comparable	  to	  
meteori0c	  weathering	  

•  affects	  ~12%	  of	  gardened	  regolith	  
•  may	  help	  explain	  PSR	  observa0ons	  
Instrument	   Observa$on	  of	  PSR	  regolith	  
LCROSS	   Increased	  porosity	  in	  Cabeus	  (Schultz	  et	  al.,	  2010)	  
LRO/LAMP	   Darker	  plane	  albedo	  /	  increased	  porosity	  

(Gladstone	  et	  al.,	  2012)	  
LRO/LOLA	   Brighter	  normal	  albedo	  (Lucey	  et	  al.,	  2014)	  


